Powdered samples of oxygen-deficient YBa 2 Cu 3 O y were annealed in various atmospheres at 880 and 300°C to study the relations of structural anomaly, phase transition, and oxygen content. It was found that the structural anomaly in the c axis is reversible during oxygenation and deoxygenation. The change of the c axis arose from the electrical repulsion among Ba and Cu cations as oxygen was removed or refilled. The anomaly in the c axis occurred when the oxygen was further removed or refilled to a critical value, at which structural relaxation and electrical repulsion changed greatly. The phase transition is attributed to the anomalous change in the c axis, and the mechanism is proposed and discussed in this paper.
I. INTRODUCTION
Although oxygen content has been known to play a significant role in the physical properties of YBa 2 Cu 3 O y , [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] relationships between oxygen content and properties were still ambiguous. The difficulty arises from the fact that the same value of oxygen content would have different distributions in the lattice, depending on the preparation process. 1, 8 The orthorhombic to tetragonal transition for the 123 high-T c superconductor has been known to be related to the oxygen content. However, there are several puzzling questions. First, why does the transition occur in the range of oxygen content 6.4-6.5? Second, why are samples with oxygen content in the range of 6.4-6.5 tetragonal at high temperatures and then undergo a rapid transition to orthorhombic during cooling without uptaking oxygen? Third, why could the samples using the zirconium gettering technique [1] [2] [3] to remove oxygen at relatively low temperature preserve the orthorhombic structure at oxygen content <6.4? Moreover, it was also reported that the transition was related to be the anomalous change of the c lattice parameter. Namgung et al. 9 have provided a plausible interpretation of the anomalous behavior of the c axis on the basis of O(4) vacancies, but they did not explain the correlation between it and the transition. While the charge-transfer hypothesis to explain the occurrence of the superconductivity and the steplike change in c axis has been widely accepted, Blackstead and Dow 13 have provided more evidence to prove the failure of the chargetransfer hypothesis. Recently, we observed that there existed the anomalous change in c axis of LaBa 2 Cu 3 O y without superconductivity, which in turn also evidenced that the anomalous change in c axis might not be related to the superconductivity. 14 It is surprising that there are almost no data about the relationships of the structure, oxygen content, and superconductivity for the oxygenation of the oxygen-deficient YBa 2 Cu 3 O y . It would be interesting to realize if the phenomena observed in deoxygenation of oxygen-rich YBa 2 Cu 3 O y is reversible, which could give us deeper insight into the process. Therefore, in this investigation, we study the relationships of the structure, oxygen content, and superconductivity for the oxygenation of the oxygen-deficient YBCO. In view of the possible existence of the structure inhomogeneity of bulk YBCO due to the incomplete oxygenation, all samples were ground into powders.
II. EXPERIMENTAL PROCEDURE
The citrate gel pyrolysis process was used to prepare YBa 2 Cu 3 O y (YBCO) superconducting powders. The starting chemicals were Y 2 O 3 (99.99%), BaCO 3 (99.99%), CuO (99.9%) (Cerac, Inc., Milwaukee, WI), citric acid, and ethylence glycol (E. Merck Co., Ltd., Darmstadt, Germany). These chemicals were mixed in a molar ratio of 1:2:3:6:18 and dissolved in a nitric acid solution. The ammonia solution was added to increase the pH value to 7, and then the solution was evaporated on a hot plate at about 80-100°C and stirred until the clear and dark-blue gel formed. The gel was fast-fired at about 400°C and then calcined at 900°C for 12 h in air. The calcined powders were pressed into pellets and sintered at 930°C in O 2 atmosphere for 6 h and then heated at 880°C in N 2 atmosphere for 6 h to produce the reduced single-phase YBCO. At this stage, the reduced single-phase YBCO was tetragonal and with an oxygen content at about 6.07. In order to avoid the inhomoge-neity of oxygen distribution, the reduced single-phase bulk YBCO samples were ground into powders and then annealed at different temperatures, times, and atmospheres.
The atmospheres were controlled by the flowing rates of N 2 and O 2 using the Hastings mass flow controllers (0.1% in accuracy, Model HFC-C202, Teledyne Hastings-Raydist, Inc., Hampon, VA). The x-ray diffractometer (Rigaku D/MAX III. V XRD, Rigaku Co., Ltd., Togko, Japan) using Cu K ␣ radiation was used to identify the phases and lattice parameters. The oxygen content was determined by the modified iodometric method. 15 The electrical resistivity is measured using a four-probe technique. The direct-current magnetic susceptibility was measured by a superconducting quantum interference device magnetometer (Model MPMS/MPMS2, Quantum Design, Inc., San Diego, CA), which was performed under a fixed field of 10 Oe using the zero field cooling method. Figure 1 shows the temperature dependence of the magnetic susceptibility of the reduced YBCO annealed at 880°C in various atmospheres for 6 h. It was found that the mass susceptibility of those annealed at 880°C in pure O 2 could be restored to a value as YBCO sintered in air. However, though T c of the sample annealed in the oxygen partial pressure ‫ס‬ 0.01 atm remained 90 K, its mass susceptibility is only one-eighth of that of the sintered YBCO. For the samples annealed in the lower oxygen partial pressure such as 0.01 atm, there exist two transitions of 90 and 60 K and their mass magnetic susceptibility was much lower than those of the samples annealed at higher oxygen partial pressure. Figure 2 shows the temperature versus magnetic susceptibility of the reduced YBCO bulks annealed at 300 and 500°C in pure O 2 . It was found that the amount of 60 K phase increased gradually with decreasing annealing temperatures and times. Moreover, there exist two different color regions when those specimens were cross-sectionally observed, i.e., the outer deep-dark (90 K) and inner graydark (60 K) regions. It should be noted that the gray-dark region would still exist even at 880°C if annealed in the lower oxygen partial pressure such as 0.01 atm. The airsintered YBCO and the samples annealed at 880°C in pure O 2 were completely deep dark.
III. RESULTS
In view of the existence of structural inhomogeneity for the bulk specimens, in this investigation, we used powdered specimens for studying the relationships of structure, oxygen contents, and superconductivity of oxygenation of the oxygen-deficient YBCO in different oxygen partial pressure. Figures 3 and 4 show the temperature versus magnetic susceptibility of reduced YBCO powder annealed in various atmospheres for 6 h at 880 and 300°C, respectively. It was found that the 60 K transition has nearly disappeared, especially for those specimens annealed at 300°C. Moreover, the mass susceptibility of the specimen annealed at 880°C for 6 h in 0.01 atm has been increased over 5 times. which is consistent with the other reports 1-3,9,10 for deoxygenation of oxygen-rich YBCO. Obviously, the structural change would be reversible during oxygenation and deoxygenation. As shown in Fig. 3 , it was found that those specimens showed no superconductivity for the specimens with oxygen below 6.30, 60 K for the specimens with the oxygen content between 6.40 and 6.60, and 90 K for the specimens with the oxygen content above 6.80. If annealed at 300°C, it was found that the tetragonal-to-orthorhombic transition was shifted toward the lower oxygen partial pressure, i.e., between 0.0001 and 0.0005 atm. However, the anomalous decrease in the c axis occurred at the oxygen content between 6.28 and 6.48, and the 60 K plateau had disappeared as shown in Figs. 4 and 5 . It should be mentioned that the mass susceptibility of those 90 K superconductors annealed at 300°C is below one-fourth of those annealed at 880°C.
IV. DISCUSSION
On the basis of the observations of Figs. 1-4 , it has been proved that there existed structural inhomogeneity for bulk samples, arising from the fact that it takes a longer time for oxygen to distribute homogeneously. In such a case, we would be misled in using these measured structural parameters and physical properties. In our opinion, discrepancies among most reports might be caused by this problem. Therefore, the samples used in this investigation have been kept pure and homogeneous.
A. Relationships of oxygen content and anomalous decrease in the c axis
As observed in Fig. 5 , it is interesting that the decrease in the c axis also showed an anomalous change during oxygenation of the oxygen-deficient YBCO. Because the anomalous behavior in the c axis was also reported for the deoxygenation of oxygen-rich YBCO, 1-3,9,10 it is apparent that the change in the c axis is reversible for the processes of oxygenation and deoxygenation. There are two kinds of interpretations about the anomalous behavior of the c axis.
2,9 First, Namgung et al. 9 suggested that it might arise from the creation of O(4) vacancies in the (0 0 z) position leading to a decrease in the net electrostatic attractive force in the z direction and, consequently, to the anomalous increase in the c axis. However, Jorgensen et al. 4, 6 reported that the O(4) vacancy varied monotonically with oxygen content. Thus, the suggestion by Namgung et al. seems not to be proper due to the continuous loss of O(4). Second, Cava et al. 2 proposed that the charge transfer from the chains to the planes would induce a rapid increase in the c axis. However, Blackstead and Dow 13 showed that neither of the two steps in the plane-Cu charge is present at a statistically significant level after reexamination of the original data of Cava et al. 1, 2 in the light of more recent studies. Moreover, if the anomalous increase in the c axis at the oxygen content ‫ס‬ 6.45 arises from 0.05e/Cu charge being transferred to the planes, why does not another anomalous increase in the c axis exist when the 0.03e/Cu charge is transferred to the planes at the oxygen content ‫ס‬ 6.60? Furthermore, their interpretation seemed to imply that the anomalous behavior of the c axis might be related to the superconductivity. In the previous work, 14 it was shown that there existed a second anomalous increase in the c axis occurring at a very low oxygen content of about 6.2 in preparing a single-phase LBCO by heating the mixture of the solid solution La 1+x Ba 2−x Cu 3 O y and BaCuO 2 phases shown in Fig. 6 , at which the superconductivity was not observed. In fact, all specimens were nonsuperconductive. On the basis of the above discussion, it is apparent that the charge-transfer hypothesis to interpret the anomalous behavior in the c axis is also not proper.
With reference to the structure of YBa 2 Cu 3 O y , the oxygen ions actually play a role in shielding among the cations and attraction with cations. If the oxygen ions were removed, those functions would be reduced. Among the oxygen sites, the O(4) site would have a more significant influence on Coulombic interactions among the Ba, Cu(1), and Cu (2) (2) plane, and the separation of the Cu(1) and Cu(2) planes became larger. In addition, when the oxygen in the a or b axis is removed, the O(4) plane would move toward the Cu(1) plane due to the increase of the attraction between O(4) and Cu (1) ions. Regarding the anomalous increment of the c axis, it could be considered that when the shielding by the oxygen ions of the cations is greatly reduced, there would be a critical value, at which structural relaxation and the Coulombic interactions among those ions is largely enhanced, for developing a large displacement. It is obvious that the critical value of the oxygen content for developing the anomalous increment in the c axis should be dependent on the distribution of the oxygen ions in different oxygen sites. Because the distribution of oxygen in different oxygen sites is dependent on the processing, the critical value of the oxygen content was observed to occur in a range of 6.55-6.4.
2,3 Moreover, it is suggested that the anomalous change in displacement is mainly from the electrical repulsion between Ba and Cu(1) ions, because their separation distance is shortest. On the basis of the above discussion, the onset of the anomalous change in the c axis occurring at the oxygen content of the sample annealed at 880°C higher than that at 300°C shown in Fig. 5 could be explained. It should be mentioned that the O(4) vacancy increased with increasing annealing temperature shown by Jorgensen et al. 4 Therefore, more O(4) vacancies would occur for the sample annealed at 880°C than that at 300°C under the same oxygen contents. Thus, repulsion between Ba, Cu(1), and Cu(2) ions would be reduced for the samples annealed at 300°C, which in turn would make the anomalous change in the c axis take place at a lower oxygen content than those at 880°C.
B. Mechanism of orthorhombictetragonal transition
While oxygen ordering in the b axis was considered to be responsible for forming an orthorhombic phase, 9, 16 the mechanism driving the oxygen ordering during transition is ambiguous. In the careful examination of the existing data about the change of the cell parameters during deoxygenation, [1] [2] [3] 5, 9, 17 the anomalous change of the c axis occurred close to, but earlier than, the phase transition, at which both a and b axes rapidly merged together. Moreover, the change of a and b axes was small before the anomalous change of the c axis, which implied that the rapid change of a and b axes was controlled by that of the c axis. Similar behavior also observed in oxygenation of the oxygen-deficient YBCO shown in Fig. 5 strongly indicated that the anomalous change in the c axis is not related to superconductivity but simply a 14 structure-related process. With reference to the 123 structure, 1, 18 the cell parameters are determined by the bond lengths of the square pyramid consisting of Cu(2) and its coordinates, i.e., O(2) and O(3), because O(2) and O(3) are still preserved as the oxygen content decreases. It has been recognized that the Cu 2+ ion will undergo JahnTeller distortion when it lies in an octahedral site, in which the two axial bonds become longer than the other four bonds. Because Cu(2) is in a square pyramidal site of the 123 structure, it is assumed that the two electrons in the d z 2 orbital would make the axial bond length of Cu(2)-O(4) much longer than in an octahedral site. If the Cu(2)-O(4) bond length is long enough for these two electrons of the d z 2 orbital to be localized, the other four bonds would be equal and the structure will be tetragonal. If the Cu(2)-O(4) bond length becomes shorter, the two electrons in the d z 2 orbital might be redistributed, which in turn might influence the electron charge density of d x 2 -y 2 orbital and make the length of the other four bonds unequal, i.e., one of the a axes would be lengthened and become a so-called b axis when extra electron charge comes from the d z 2 orbital and the other a axis would be shortened due to the fact that the electrical repulsion between O(2) and O(3) becomes weak. On the basis of Cava's structural analysis, 1 the changing behavior of the Cu(2)-O(4) bond length and the c axis is closely related. Therefore, it is obvious that, owing to the anomalous increase in the c axis, the Cu(2)-O(4) bond length would become long enough to induce the length change of a and b axes; i.e., orthorhombic-tetragonal transition occurs. Moreover, the observation that oxygen content in the range of 6.4-6.5, which is tetragonal at high temperature, undergoes a rapid transition to orthorhombic during cooling without uptaking oxygen might be due to the redistribution of the O(4) vacancy during cooling. The impurity effect which maintains a tetragonal phase with the oxygen stoichiometry expected for an orthorhombic structure could be attributed to the fact that it reduces the bond length of Cu(1)-O(4), which in turn makes that of Cu(2)-O(4) longer than the critical value. It has been reported [18] [19] [20] that the substitution of the trivalent ions of Fe 3+ and Co 3+ in the Cu(1) site would shorten the bond length of Cu(1)-O(4).
V. CONCLUSIONS
(1) The structural anomaly in the c axis is reversible during oxygenation and deoxygenation. The change of the c axis arose from the electrical repulsion among Ba and Cu cations as oxygen was removed or refilled. The anomaly in the c axis occurred when the oxygen was further removed or refilled to a critical value, at which structural relaxation and the electrical repulsion were greatly changed.
(2) The critical oxygen content for structural anomaly in the c axis is dependent on the processing because of the different oxygen vacancy distributions in O(4), O(1), and O(5). The lower critical oxygen content for the sample annealed at 300°C than that annealed at 880°C is due to the fact that it would possess a lower O(4) vacancy concentration under the same oxygen content.
(3) The phase transition is attributed to the anomalous change in the c axis based on the Jahn-Teller distortion.
